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ABSTRACT 
A study has been conducted to examine the effect of ultrasonic vibration on convective heat transfer 
of wooden cylinders. Forty fully saturated and air-dried cylindrical wood specimens were partially 
submerged in a heated water bath of 59.8 C (with and without ultrasound). The temperature versus 
time relationship at the center of the cylinders was monitored. Results indicate that ultrasound sig- 
nificantly influenced the heat transfer to wooden cylinders. 
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INTRODUCTION 
Declines of the large old-growth timber sup- 
ply have resulted in increased emphasis on the 
manufacturing of a wide variety of composite 
veneer wood products. Examples of these 
composite wood products are plywood, lami- 
nate veneer lumber, microlam, and paralam. 
The basic wood elements for these products 
are the veneers that are peeled from logs by 
turning the log about its longitudinal axis 
against a fixed knife. Prior to the peeling op- 
eration, it is common practice to immerse the 
logs in warm water (60 C) to soften the wood. 
Temperature profiles and heating times at dif- 
ferent distances from the surface of wood poles 
were reported by Maclean (1 952). Core heating 
times for frozen and unfrozen logs submerged 
in agitated water were investigated, and a com- 
puter program to describe their temperature 
history was created (Steinhagen 1977; Stein- 
hagen et al. 1980, 1987). The time required 
for the soaking procedure can potentially be 
reduced if the heat transfer mechanism be- 
tween the warm water and the wood is im- 
proved. 
Ultrasonic vibration (50 kHz) has been 
shown to affect radiant and conductive heat 
transfer systems (Fairbanks and Otsuka 1978; 
Fairbanks 1979). Other studies have shown 
that ultrasound (28 kHz) also affected the heat 
transfer from copper cylinders to water (Ho- 
shino and Yukawa 1977), from flat copper 
plates to water (Yukawa et al. 1976) and from 
heated platinum wire to water (Hoshino et al. 
1976). Sastry et al. (1989) also showed that 
ultrasonic vibration increased the fluid to par- 
ticle convective heat transfer coefficients of 
mushroom-shaped aluminum transducer par- 
ticles of three different sizes at three different 
energy input levels. 
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This paper describes an exploratory inves- 
tigation to examine the effect of ultrasonic vi- 
bration on convective heat transfer of 1) fully 
saturated and 2) room-conditioned cylindrical 
wood specimens. The latter specimens also 
provided information on the effect of water 
uptake on heat transfer. 
MATERIALS AND METHODS 
Forty kiln-dried defect-free Douglas-fir 
specimens were sampled for this study. The 
specimens were cylindrical in shape with a di- 
ameter of 38 mm and a length of 254 mm. 
The specimens were conditioned at room tem- 
perature and humidity to an average moisture 
content of 9%. The weight of each specimen 
was measured prior to testing. 
The specimens were randomly divided into 
the following four groups of 10 specimens: 
1) Group A Air-dried and heated in a wa- 
ter bath without ultrasound; 
2) Group AU Air-dried and heated in a wa- 
ter bath with ultrasound; 
3) Group S Fully saturated and heated in 
a water bath without ultra- 
sound; 
4) Group SU Fully saturated and heated in 
a water bath with ultrasound. 
Specimens from Groups S and SU were 
placed in an impregnation apparatus until they 
were fully saturated with water. The impreg- 
nation procedure involved placing the speci- 
mens in a cylinder and introducing a vacuum 
into the system for 48 hours. Water was then 
introduced into the cylinder while the system 
was still under vacuum. The system was then 
pressurized to 4 10 cm-Hg (80 psi) for 48 hours. 
After the impregnation, the weight of each 
specimen was measured to determine the de- 
gree of saturation. 
A precision copper/constantan (Type T) tef- 
lon insulated thermocouple, 0.8 1 mm diam- 
eter, was inserted into the center of each spec- 
imen through a small hole (2 mm in diameter 
and 19 mm deep) drilled from the side of the 
specimen. After the thermocouple had been 
inserted, the hole was filled with wood chip 
fibers and then sealed with a silicon adhesive 
to prevent penetration of the warm water into 
the specimen through the hole. 
The water bath of a commercial ultrasonic 
cleaner that operated at a frequency of 50-55 
kHz was used in this phase of the experiment. 
The temperature of the water was maintained 
at 59.8 C by circulating warm water (60 C) 
through a closed-loop copper piping system 
submerged in the water bath. The water bath 
was then covered with a Styrofoam cover to 
minimize temperature gradient above the wa- 
terline and mass loss through exposed surface. 
The distance between the cover and the surface 
of the water was approximately 60 mm. The 
temperature above the waterline was found to 
be approximately 52 C. The temperature of 
the water in the bath was checked to be uni- 
form. 
For each of the experimental runs, one spec- 
imen was placed in the water bath of the ul- 
trasonic cleaner. As shown in Fig. 1, the spec- 
imen was partially submerged such that a 
distance of 2 mm measured vertically along 
the diameter of the specimen was exposed to 
air. The limitation of the equipment prevented 
completely submerging the entire specimen. 
The temperature at the exposed surface was 
measured, which reached a temperature of ap- 
proximately 52 C shortly after the specimen 
was placed in the water bath. The temperature 
rise in the center of each specimen was mon- 
itored as a function of time at a sampling rate 
of one reading per fifteen seconds. 
Immediately after testing, the specimens 
were blotted to remove excess surface water 
and weighed to determine the water uptake. 
The specimens were then oven-dried at a tem- 
perature of 103 C * 2 C for 24 hours. The 
oven-dry weights of the specimens were mea- 
sured. 
ANALYSIS 
The heat transfer of cylinders in a heated 
water bath is a transient heat-conduction prob- 
lem with a convection boundary condition at 
the surface of the cylinder. Assuming that the 
influence of the temperature difference be- 
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FIG. 1 .  A partially submerged test specimen. 
tween the exposed and submerged surface of 
the wooden cylinder is small and since the cyl- 
inder's length to diameter ratio was more than 
1.9 (Siau 1984), the differential equation for 
radial heat flow into the center of the cylinder 
expressed in cylindrical coordinates is given 
by (Holman 1986): 
where 
T = the temperature of the cylinder as a 
function of position and time, OC 
t = time, s 
r = the location of the point of interest ex- 
pressed as the distance measured along 
the radius from the center of the cyl- 
inder, cm 
Dh cm2 
= the thermal diffusivity of wood, -. 
S 
The initial condition and the boundary con- 
ditions are: 
where 
h = the convective heat transfer coeffi- 
cal 
cient, 
cm2 s O C  
k, = the thermal conductivity of wood, 
cal 
T, = the temperature of the surrounding 
medium, O C  
a = radius of the cylinder, cm. 
An approximate solution to Eq. (1) for the 
temperature at the center of a long cylinder is 
given in Holman (1986) as: 
where 
Jo and J I  are zeroth and first order Bessel func- 
tions of the first kind, respectively. 
Equation (3) is a single term solution to Eq. 
(1). It is within f 1 O/o of the complete solution 
Dht provided that the Fourier Number, - a, , is 
greater than 0.2 (Holman 1986). D, can be 
estimated by (Siau 1984): 
where 
k, = [G(4.80 + 0.09M) + 0.571 x 
cal 
x 10-4- for M (: 40%; 
cm O C  s 
cal 
x lop4- for M > 40%; 
cm OC s 
G = specific gravity of the wood, 
M = moisture content of the wood, % 
g 
p = density of the wood, - 
cm3 
c = specific heat 
- 0.0268 + 0.00 1 1T + 0.0 1M cal 
1 + 0.01M ' g  OC' 
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TABLE I. Experimental results. 
M Water uptake 
Spec~men NU. Croup G (g) 6, 60 R' 
19 AU 0.554 9.19 7.95 
20 AU 0.530 9.25 9.43 
2 1 S 0.5 12 7.63 - 12.00 
22 S 0.519 8.40 -9.89 
23 S 0.548 9.23 - 15.50 
24 S 0.4 17 8.30 -6.55 
25 S 0.522 7.28 - 10.88 
26 S 0.525 8.94 - 5.62 
27 S 0.501 9.12 -6.07 
28 S 0.531 8.76 -9.70 
29 S 0.520 8.6 1 -5.71 
30 S 0.537 8.56 -7.84 
3 1 SU 0.5 13 7.17 -9.36 
3 2 SU 0.521 8.90 -7.36 
3 3 SU 0.538 8.22 -5.14 
34 SU 0.505 8.83 -8.49 
3 5 SU 0.556 7.03 -4.69 
36 SU 0.523 8.75 -7.37 
37 SU 0.539 8.63 -3.01 
38 SU 0.541 9.28 - 10.32 
39 SU 0.430 9.16 -6.5 1 
40 SU 0.498 8.83 -8.42 
Note: M refers to the molsture content of the specimen prior to testing. 
For air-dried wood with a moisture content However, it is clear from Eq. (4) that Dh is 
of lo%, a specific gravity of 0.4, and a tem- a function of both the temperature and mois- 
perature of 50 C, Dh equals 0.0075; therefore, ture content in the wood, which varies with 
D h  f time during the experiment. Therefore, it is the condition that - > 0.2 is met when t is 
a2 not possible to obtain a proper estimate of the 
greater than 96 s. Using a nonlinear least heai transfer coefficient,-h, by fitting Eq. (3) to 
squares fit routine, Eq. (3) can be fitted to the the data. 
data corresponding to t > 96 s to estimate A,. An alternative approach is taken where each 
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Time, s Time, s 
FIG. 2. The average temperature versus time relation- FIG. 3. Typical normalized and transformed temper- 
ships for the four groups. ature versus time relationships. 
experimental temperature versus time rela- 
tionship is normalized and transformed as T' 
T - T, 
. A regression line of the 
form given in Eq. (5) was fitted to the nor- 
malized and transformed data. 
The slope of each regression line, P , ,  is related 
to the rate increase of the transformed tem- 
perature at the center of the cylinder as a func- 
tion of time. Analysis of variance was per- 
formed on P ,  for the four groups. Using the 
water uptake as the independent variable, 
analysis of covariance was also performed on 
the four groups of p, values. 
RESULTS AND DISCUSSION 
Table 1 shows the specific gravity, moisture 
content (prior to testing), and water uptake of 
the specimens. It is clear that the specimens 
in the dry category picked up water during the 
experiment and the specimens in the fully sat- 
urated category lost water during the experi- 
ment, the latter being probably the result of 
losing moisture from the air-exposed surface 
of the specimen. The mass loss in the speci- 
mens of Group S and SU ranged from 0.85O/o 
to 4.26% of the fully saturated mass. The 
amount of mass loss is judged to be consistent 
with the amount of exposed surface and the 
environmental conditions above the waterline. 
Figure 2 shows average temperature versus 
time relationships for the four groups. Each 
point on the graph was obtained by averaging 
the temperature at a particular time of the ten 
specimens from a group. The results suggest 
that the combined conductive and convective 
heat transfer processes in the fully saturated 
groups and in the air-dried groups are distinct. 
On the average, the air-dried groups reached 
temperatures between 30 C and 50 C faster 
than the fully saturated groups. This may be 
explained by the water uptake of the air-dried 
specimens, which contributed to the conduc- 
tive heat transfer process. 
Direct comparison of the heating times ob- 
tained in this study to the values reported by 
Maclean (1 952) and Steinhagen (1 977) cannot 
be made because of differences in species, 
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TABLE 2. Results of analysis of variance of 0 ,  
Degree of Fcr,t,c,~ 
Source freedom Sum of squares F Value (a = 0.05) Mean square 
Model 3 0.0000043 1 0.00000 144 14.33 F3,3,,,-, " 2.92 
Error 36 0.0000036 1 0.000000 10 
Total 39 0.00000792 
Standard deviation 
Group Mean of treatment mean 95% confidence interval of treatment mean 
Note: * and ** ~ndicate Groups A and S are not s~gn~ficantly different and Groups AU and SU are not significantly different, but Groups A and S are 
significantly d~fferent from Groups AU and SU. 
moisture contents, and specimen sizes. Using 
the data reported by Maclean (1 952) and Stein- 
hagen (1977), calculations of the times re- 
quired to reach 55 C from ambient, 19 mm 
deep from the surface of a submerged bolt 406 
mm in diameter, resulted in heating periods 
approximately 4 to 6 times longer than the 
ones obtained in this study. 
Typical normalized and transformed tem- 
perature versus time relationships for speci- 
mens from the four groups are shown in Fig. 
3. Also shown in Table 1 are the Po, PI and the 
coefficient of determination (R2) values of the 
specimens. The R 2  values range from 0.827 to 
0.999. The regression lines in the form of Eq. 
( 5 )  fitted through the data of typical specimens 
are also shown in Fig. 3. It is apparent that Eq. 
(5) fits the data relatively well. 
Table 2 shows the results of an analysis of 
TABLE 3. Results of analysis of covariance of 0,. 
variance of PI  for the four groups. At a 95% 
significance level, results indicate that the PI  
values for Groups AU and SU are significantly 
different from the PI  values for Groups A and 
S. However, the PI  values between Groups A 
and S are not significantly different and the PI  
values between Groups AU and SU are not 
significantly different either. Therefore, com- 
bined 6, values from Groups A and S can be 
compared with combined 0, values from 
Groups AU and SU. The ratio between the 
mean PI  values from Groups AU and SU (with 
ultrasonic treatment) to the mean PI  values 
from Groups A and S (without ultrasonic treat- 
ment) is 1.46. This result supports the initial 
hypothesis that ultrasonic vibrations positive- 
ly affect the rate increase of temperature in the 
center of the specimens. The positive effect on 
the rate of increase of temperature could be 
Adjusted 
Degree of sum of Mean F F,,,,,,I 
Source freedom squares square value (a = 0.05) 
Model 4 0.00000434 0.00000 109 10.63 F4,35,,-, - 2.69 
Error 3 5 0.00000358 0.00000010 
Total 39 0.00000792 
Standard deviation 
Grouv Adjusted mean of adiusted mean 95% confidence interval of adiusted mean 
A  -0.001497 0.0001 179 (-0.001737, -0.001257) * 
A U  -0.002 105 0.000 1 120 (-0.002333, -0.001877) ** 
S  -0.001372 0.0001078 (-0.001591, -0.001 153) * 
SU -0.002046 0.000 1239 (-0.002298, -0.001 794) ** 
Note: * and ** indicate Groups A and S are not significantly different and Groups AU and SU are not sign~ficantly different but Groups A and S are 
sign~ficantly different from Groups AU and SU. 
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attributed to the collapse of the thermal 
boundary layer due to the interfacial instability 
produced by the acoustic streaming and the 
shock waves produced by cavitation in the wa- 
ter, both being the results of ultrasonic energy. 
Table 3 shows the results of an analysis of 
covariance of p,  for the four groups with the 
water uptake as the independent variable. The 
adjusted mean and the standard error of the 
adjusted means for the four groups are also 
shown. The ratio between the adjusted mean 
of p, values from Groups AU and SU (with 
ultrasonic treatment) to the adjusted mean of 
0, values from Groups A and S (without ul- 
trasonic treatment) is 1.45. Examination of the 
confidence interval of the adjusted mean at a 
95% significance level resulted in the same 
conclusion as the analysis of variance. 
CONCLUSION 
Ultrasonic excitation increased the rate of 
temperature rise in submerged wooden cylin- 
ders during heating. Regression of the nor- 
malized and transformed temperature versus 
time relationship at the center of the cylinders 
provided information on the rate of increase 
of T'. The influence of ultrasonic vibrations 
on the rate increase of T' at the center of the 
cylinder was found to be significant. The rate 
of increase of T' at the center of the cylinder 
between the air dried and the saturated groups 
was found to be insignificant. Ultrasound can 
possibly be used to improve heat transfer in 
submerged timber (e.g., logs) during precon- 
ditioning for veneer production. 
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